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Pressure and Temperature Variation of the Electrical Conductivity of
-Poly(propylene glycol) Containing LiCF3SO03
J. d. Fontanella
Physics Department, U.S. Naval Academy, Annapolis, MD 21402-5026, USA

Complex impedance and DSC studies have been carried out on poly(propylene
glycol) with average molecular weight 1025 (PPG) and PPG containing LiCF3SOg.
The impedance studies were made at frequencies from about 1 mHz to 100 MHz at
pressures up to 0.3 GPa (3 kbar) over the temperature range 215-365K. Both the
impedance and DSC studies were carried out in vacuum or at atmospheric pressure
over a temperature range of about 100-375K. As a consequence, the impedance
studies overlap the DSC glass transition temperature. The inadequacy of the
widely used Vogel Tammann Fulcher (VTF) or Williams Landel Ferry (WLF)
equations to describe the temperature variation of the vacuum electrical
conductivity data is discussed. It is shown that the Bendler-Shlesinger (BENSH)
formalism is a better representation of the data, particularly in the region close to
the glass transition. The first pressure derivative of the electrical conductivity, and
hence apparent activation volume, decreases strongly as temperature increases. In
addition, the activation volumes are larger for the low molecular weight liquids
than the values reported previously for related, high molecular weight rubbery
electrolytes. Next, there appears to be an exponential relationship between the
activation volume and the electrical conductivity. Finally, the pressure variation of
the electrical conductance exhibits negative curvature which shows that the
activation volume increases as pressure increases. A qualitative explanation of each
of these results concerning the relationship between conductivity, temperature and
pressure is given in terms of free volume. However, whether free volume can

provide a quantitative explanation remains to be determined.
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I. INTRODUCTION

Electrolytes based on poly(propylene glycol) (PPG) continue to be of interest
partly because they are related to poly(ethylene glycol) (PEG) and are usually
totally amorphous. There have been a large number of studies of various types of
PPG and a representative list is given as Refs. 1-25. One reason for new studies of
this material is that it has become obvious that a widely used representation for the
temperature variation of many of the properties of amorphous or liquid electrolytes,
the Vogel-Tammann-Fulcher (VTF) equation or mathematically equivalent
Williams-Landel-Ferry (WLF) Equation, has deficiencies.26-32 Further, techniques
for improving and extending the range of data, have recently been developed and
these provide the means by which to test the theories. It is also of interest to study
materials such as PPG-1025 which is a liquid in order to compare it with the results
for related high equivalent weight solid materials.33 Finally, it has recently been
pointed out that the pressure variation of various dynamical phenomena bf PPG-
based materials exhibits opposite curvature to those based on PEG.34 In order to
gather further information concerning this effect, new high pressure data are

presented along with a detailed analysis.

I1. EXPERIMENTAL

PPG (average MW 1025) was obtained from Poly Sciences Inc. LiCF3SO3 was
obtained from Alfa Corporation and dissolved in acetonitrile. The solution was then
added to the polymer ina ratio of 20:1 repeat units per lithium. The acetonitrile
was then removed from the materials by baking in a vacuum oven at about 80°C for

at least 24 hours. The acetonitrile was determined to be removed when a constant




mass was achieved. All of these procedures and subsequent loading of the samples
into various sample holders were carried out in a Vac Atmospheres glove box with a
nitrogen atmosphere and less than about 0.06 ppm water.

The vacuum temperature electrical conductivity data were obtained using a
fixed-electrode, three-terminal cell which has been described elsewhere.35 For the
high pressure measurements, the liquids were placed in‘ Teflon™ lined TygonT™™
tubing the ends of which were plugged with stainless steel electrodes and sealed
using a modified SwageLok™ fitting.

Complex impedance studies were carried out at frequencies from about 1
mHz to 1 MHz using either a CGA-83 capacitance measuring assembly or a
Solartron 1255 Frequency response analyzer and 1296 Dielectric Interface.

The DSC measurements were carried out beginning at about 130K and
ending at about 373K at a scanning rate of 10 K/min using a TA Associates Model
2100 thermal analyzer and Model 910 Cell Base.‘

III. RESULTS

For the electrical experiments of PPG:LiCF3SO3 a complex impedance
diagram consisting of a slightly depressed semicircular arc and/or slanted line was
observed. That response is typical for the complex impedance of electrolytes with
blocking electrodes.36-44¢ An example from the present work, for which only the
depressed semicircle was observed, is given in Fig. 1. Fig. 1is interesting because it
represents a complex impedance diagram for a material below the central (or
midpoint) DSC glass transition temperature, hence the high impedances. In cases

where sufficient semicircles are observed, the Cole-Cole equation:45
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was best-fit to the data and the bulk resistance, R, was obtained from the intercept
of the arc with the Z' axis. The best-fit Cole-Cole expression, intercept and center of
the circle are also shown in Fig. 1. In cases where very little arc was observed, R
was obtained from the intercept of the slanted line with the Z' axis. The
conductance, G=1/R, was calculated from the intercept.

In the case of the room temperature, atmospheric pressure data, the
conductance was transformed to the electrical conductivity, ¢, via the usual

equation:

c=GL/A (2)

where A is the area of the sample and L is the length. It was found that the as-
received PPG at atmospheric pressure and room temperature had a conductivity of
about 1.7x10-10 S/cm and the conductivity of PPG:LiCF3S03 was about

9.9x10-6 S/cm.

Values of the electrical conductivity at other temperatures and approximately
atmospheric pressure were obtained by assuming that the relative change in
electrical conductivity is the same as the relative change in electrical conductance,
i.e. no correction was made for changes in the dimensions of the sample holder. The
results for the variation of the conductivity with temperature for the PPG are shown
in Fig. 2. The results for the variation of the conductance with pressure are shown

in Fig. 3 and the DSC data are shown in Fig. 4.

IV. DISCUSSION
A. VTF Formalism

Fig. 2 shows that the temperature variation of the electrical conductivity of
PPG:LiCF3SO03 is non-Arrhenius and characteristic of a glass-forming liquid. This

is consistent with the DSC data in Fig. 4 where it is shown that all that is observed



for PPG:LiCF3S03 is a single endothermic event typical of a glass transition. The
central (or midpoint) glass transition temperature, Tg, for PPG-1025 and
| PPG:LiCF3S0j3 are about 205.9K and 218.1K, respectively. The onset and endpoint
of the transition for PPG-1025 are about 203.4K and 207.2K and are about 213.5K
and 223.0K for PPG:LiCF3S0s.

The smooth variation of the electrical conductivity with temperature is often

analyzed using the Vogel-Tammann-Fulcher (VTF) equation:46

c=0, exp[ B ] (3)

A B'
= 4
c \/_exp( O') (4)

A non-linear least squares procedure was carried out as described elsewhere26,27
and the resultant best-fit parameters are listed in Table I along with the RMS
deviation.

The small RMS deviation is an indication that the fit is fairly good. However,
it has become apparent that Eq. 3 deviates systematically from data such as
dielectric relaxation times, viscosity and electrical conductivity in glass-forming
systems.26,28-32 In order to evaluate the goodness of fit for the electrical
conductivity in PPG:LiCF3S03, the deviations of Eq. 3 from the datum points were
calculated and the results are shown in Fig. 5. It is clear that a systematic
deviation is observed and further, the deviation follows the same trend as that
observed previously for electrical conductivity in propylene carbonate based

electrolytes26 (Fig. 3 in Ref. 26 is vs. reciprocal temperature.) and for viscosity in




tri-a-naphthylbenzene3? (Fig. 1 in Ref. 32 is vs. reciprocal temperature and viscosity
rather than reciprocal viscosity which is analogous to electrical conductivity.).

One consequence of this systematic deviation is that the values of the fitting
parameters are not constant in that they depend upon the temperature range of the
data. In order to show this, the data in Fig. 2 were grouped into 100K intervals and
Eq. 3 was refit to each interval. The resultant fitting parameters are plotted in
Figs. 6 and 7 vs. the temperature at the center of each interval. It is clear that the
VTF parameters depend upon the temperature interval and that the trends are the
same as those observed for a simple electrolyte, a 1M solution of LiPFg in propylene
carbonate (PC:LiPFg).26 For example, T, increases by about 10K when the position
- of the temperature interval increases by 35K. This result is notable because T, is
often assigned significance because it is usually assumed to be related to Tg.2.4,20
Also, logo, decreases by more than a factor of two over that temperature interval so
that 6, decreases by about a factor of four. This is important because the
preexponential is sometimes taken to be related to the number or concentration of
charge carriers.20,47 Clearly, because of their temperature dependence, care must
be taken when assigning physical significance to the VTF parameters.

Finally, in a recent paper, Chung et al.13 have reported data for PPG4000
and PPG 425 containing various salts, including LiCF3SO3 at concentrations which
bracket those of the present work, which show significant deviations from VTF
behavior in the range of 1.2Tg to 1.4Tg (Figs. 3 and 4 of Ref. 13). It is clear from
Fig. 2 of the present work that the behavior of the conductivity at low temperature

observed by Chung et al. is not reproduced in the present work.



B. WLF Formalism
A formalism which is mathematically equivalent to the VTF Equation48 and

which is also often used to characterize glass-forming liquids is the Williams-

Landel-Ferry (WLF) Equation:4°

o(T) |_ _C(T-T%)
Iog‘o(o(T*)) TG, +(T-TH ®

where C1, C2 and log190(T*) are the adjustable parameters and T* is a reference
temperature.

The reason for also considering this equation in detail is that the
interpretation of the various parameters for relaxation times and viscosity has
recently been pointed out.?0 Those considerations have been extended to electrical
conductivity and applied to PC:LiPFg.26 In fact, because the temperature range of
the present data have been extended to below Tg they allow a test of one of the
predictions of Ref. 26 as follows. Eq. 5 was best-fit to the data using the central (or
midpoint) DSC value of Tg as the reference temperature (T*=Tg) and the resulting
parameters are listed in Table I. (Of course, other reference temperatures, such as
the onset or endpoint DSC Tg's, could be used. However, as is discussed in detail
elsewhere, 2% no new information would be obtained.) The value of C1=11.9 obtained
for data over the full range of temperatures is consistent with results for a variety of
ion-conducting polymers (including ion-containing high molecular weight PPG),
where values of about 11.5 are observed. A detailed discussion is given elsewhere.26
In Section 3a of that paper, it was pointed out that Cj represents the difference
between the logarithm of the conductivity at very high temperatures log(c,) and the
value at the reference téﬁperature, in this case Tg. Consequently, since log(c,)=-

0.625, C1=11.91 predicts that the log(c(Tg)) should be about -12.54. The

experimental value is -12.52.
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The value of C2=46.5 is also of interest. The reason is that Cg represents the
difference between the reference temperature and T, and it often observed that Tg
is about 50K below T,.

However, it is also important to investigate the extent to which temperature
affects the WLF parameters. Towards this end, Eq. 5 was also best-fit to the
various temperatﬁre intervals of Figs. 6 and 7 and the results are plotted in Figs. 8
and 9. Interestingly, C; remains relatively constant varying only from about 12 to
12.4. This is somewhat different from the behavior of PC:LiPFg though constancy
was observed for the lowest temperature intervals. However, as is apparent from
Fig. 9, Cq varies strongly (35 to 50K) with temperature interval and does not appear
to converge to a unique value. Consequently, care must be taken when using Co to

characterize a material. For example, Co is sometimes used to estimate the

"fragility” of a liquid.50,51

C. BENSH Formalism

Bendler and Shlesinger52-5¢ have used a phenomenological model to develop
an alternative formalism for the glass transition region behavior of relaxation time
vs. temperature. That model can be applied to the electrical conductivity and gives

rise to thé following (BENSH) equation:

-B"
6 =Dexp| ——————
(@-nﬁ“) )

The BENSH equation contains four adjustable parameters D, B", T and Y though
there is justification for setting Y=1 (mean-field limit). In fact, the BENSH equation

in the mean-field limit (three adjustable parameters) has been found to provide a




better fit to electrical conductivity and viscosity data than the VTF or WLF
equations, particularly near Tg.26,27

The BENSH equation was fit to the present data in two ways. First, a three
parameter fit was carried out after setting Y=1. As seen by the results in Table I,
the RMS deviation associated with the BENSH equation is more than twice as
small as for the VTF or WLF equations. Next, the full, four parameter fit was
carried out and a minimum was found for y=1.28 along with another significant
improvement in the RMS deviation. It is interesting that y=1.28 is close to 1.33
which would make the exponent, 1.5y, equal to two. It will be of interest to
investigate the theoretical significance of this result.

Further insight can be gained into the applicability of the BENSH equation
by again plotting the difference between the experimental and theoretical values as
is done in Fig. 5. It is clear that the BENSH equation provides a better fit of the
data at all temperatures though some systematic deviation remains. In fact, even
the 3 parametér fit of the BENSH equation provides an excellent representation of

the data near Tg.

D. Pressure Variation
A second order polynomial:
In G/Go = ap + bp2 | (7)
was best-fit to the results for the variation of conductance with pressure and the

coefficients a and b are listed in Table I1.

1. Linear Variation
The slope of the conductance vs. pressure at zero pressure was converted to

the pressure variation of the electrical conductivity using:



olnG

xT
8p+

T 3 | (8)

(alnc) _
Jp T

where X is the isothermal compressibility. Values of X1 for PPG:LiCF3SO3 do not
seem to be available. Since the correction term is a small fraction of the total, an
approximation was used. The recently reported values of X7 for poly(ethylene oxide)
in the liquid state®® were extrapolated to the temperatures of the present work and
the resultant values of X7/3 are listed in Table II.

The linear variation of the conductivity is usually used to calculate an

apparent activation volume from:
AV = -kT [dlnc/dplT. 9)

As has been pointed out several times,49:41 this is only correct for Arrhenius

behavior since the true activation volume is defined by:
AV = [dg/oplT. (10)

where g is the Gibbs energy and Eq. 9 is only obtained for electrical conductivity
which exhibits Arrhenius behavior. However, VTF/WLF/BENSH behavior is often
discussed in terms of an activation energy (or Gibbs energy) calculated from the
slope of an Arrhenius plot and most of the high pressure results in the literature are
discussed in terms of AV calculated using Eq. 9. Consequently, the values of AV
were calculated using Eq. 9 and the results are listed in Table II.

The values of AV range from 66.6 to 24.2 cm3/mol as temperature increases

from 268 to 363K. The values are on the order of those reported for ions in Parel

10




elastomer, a high molecular weight (=106), PPG-based polymer.24:25 In order to
make a detailed comparison with those results, all results are plotted in Fig. 10.
The variation of the activation volume with temperature for the low
molecular weight liquid electrolytes of the presenﬁ work and for high molecular
weight rubbery electrolytes of Refs. 24 and 25 is essentially the same. The major
difference is that AV for the liquids is slightly larger. Both these results, the
temperature dependence of AV and the difference due to molecular weight, and the
remaining results of the present work presented below, can be understood
qualitatively on the basis of free volume (per mole), Vg, using the following ideas.
The activation volume represents volume change of the material required for

ion motion while the free volume represents the volume already available.

Consequently, if Vi is defined to be the total volume (per mole) required for ion

motion, the following equation applies:
Vi=Ve+AV. (11

Most importantly, Vi should be approximately constant i.e. independent of pressure,
temperature or conductivity. Consequently, the physical interpretation is that for a
given conducting system in cases where Vris large AV will be small, etc.

This applies to the results of the present work as follows. First, the larger
values of AV for the liquids follows from Eq. (11) if V¢is smaller for the liquids. This
is reasonable since it is expected that there should be greater space-filling for the

low molecular weight liquids than for the high molecular weight rubbery materials.

Next, the decrease of AV as temperature increases (negative thermal expansion
coefficient of the activation volume) follows immediately from Eq. 11 since it is

generally accepted57? that free volume increases as temperature increases and thus

AV should decrease assuming that Vyis a constant. However, whether these

11




considerations provide a quantitative explanation of the results remains to be
determined.

Finally, in order to investigate the relationship between AV , Vrand the
electrical conductivity, AV is plotted vs. log (o) in Fig. 11. It is clear that the data

are reasonably well-represented by the equation:

o = 1.8x10-3 exp(-AV/14.5) (12)

Eq. (11) then predicts that electrical conductivity increases exponentially as the free

volume:

o = exp(V¢/14.5) ' (13)

While this is reasonable, it will be of interest to investigate the theoretical basis of

this empirical result.

2. Curvature

Next, it is apparent from Table II that the curvature (term b in Eq. (7)) of the
variation of conductance with pressure is negative. This is the same as observed
previously by the authors for both conductivity and dielectric relaxation in PPG-

based materials.24.25 The same curvature has also recently been reported for
dielectric loss associated with the o relaxation in PPG-400 and PPG-4000.58 This

implies that the compressibility of the activation volume, X,v, is negative since if:

I'Inc _9'InG

op? op2

(14)

it follows that:

(15)




In fact, a negative compressibility of the activation volume is expected. The reason
is that the free volume should decrease as pressure increases (because of the
positive compressibility of the material). Consequently, once again assuming that
Vi is a constant, it follows from Eq. (11) that the activation volume should increase
as pressure increases. However, whether these considerations provide a

quantitative explanation of the results remains to be determined.

V. SUMMARY

In summary, several results have been obtained via DSC and electrical
conductivity studies of PPG:LiCF3SOs3. First is shown that the BENSH formalism
is a better representation of the temperature variation of the vacuum electrical
conductivity than the VIF or WLF equations, particularly in the region close to the
gléss transition. Next, it is found that the first pressure derivative of the electrical
conductivity, and hence apparent activation volume, decreases strongly as
temperature increases. Also, the activation volume is larger for the low molecular
weight liquids than for previously reported values for related, high molecular
weight rubbery electrolytes. In addition, there appears to be an exponential
relationship between the activation volume and the electricél conductivity. Finally,
the pressure variation of the electrical conductance exhibits negative curvature. A
qualitative explanation of each of these results reflecting on the relationship

between conductivity, temperature and pressure is given in terms of free volume.
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Table I. Best-fit parameters for various formalisms. All of the results are for the

temperature range 215.7 to 345.3K.

VTF log10(co(S/cm)) B
(K)

-0.625 1273

Modified VTF logio(A(KV2S/cm)) B’
(K)

+0.722 1312

WLF log10(c(Tg)) Ci

-12.54 11.91

BENSH log19(D(S/ecm))  B"

(K3/2)

-1.68
-2.12

13450
116175

To
(K)

171.7

To'
(K)

170.9

Co
(K)

46.43

Te
(K

151.9
134.9

RMS

dev
0.0348

RMS
dev

0.0322

RMS
dev

0.0348

Y RMS
dev

1 0.0157
1.28

0.0098



Table II. Effect of pressure on the electrical conductivity for PPG-1025:LiCF3S0s3

and other materials from the literature.

T a b X1/32 dlng AV
dp
K) (GPa)-! (GPa)?2  (GPa)'! (GPa)-!  (cm3/mol)
PPG:LiCF3S03
268.1 -30.00 -9.57 0.13 -29.87 66.6
273.1 -27.25 -9.44 0.13 -27.12 61.6
285.1 -23.00 -4.04 0.13 -22.87 54.2
295.1 -20.48 -0.74 0.14 -20.34 499
308.1 -16.92 -0.81 0.14 -16.78 43.0
323.2 -13.83 -1.42 0.15 -13.68 36.8
343.3 -10.91 -0.99 0.15 -10.76 30.7
363.2 -8.17 -2.48 0.16 -8.01 24.2
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FIGURE CAPTIONS

Figure 1. Complex impedance diagram for PPG-1025:LiCF3803 at 215.7K. The
data are shown as squares. The best-fit Cole-Cole expression (Eq. (1)) is shown by
the solid line. The circle represents the center of the best-fit arc and the x
represents the intercept of the arc with the Z' axis which is identified as the bulk

resistance.

Figure 2. Electrical conductivity vs. reciprocal temperature for PPG-

1025:LiCF3SO3 The best-fit 3 parameter BENSH expression (Eq. (6) with y=1).is

shown by the solid line.

Figure 3. Relative conductance vs. pressure for PPG-1025:LiCF3SO3 at various

temperatures.

Figure 4. DSC thermograms for PPG-1025 and PPG-1025:LiCF3SOs3.

Figure 5. Difference between the experimental and theoretical electrical

conductivity for various formalisms vs. temperature.

Figure 6. VTF fitting parameters B and T, vs. temperature for 100°C intervals of
electrical conductivity data. The temperature is the temperature at the middle of

the interval.

Figure 7. VTF fitting parameter G, vs. temperature for 100°C intervals of
electrical conductivity data. The temperature is the temperature at the middle of

the interval.




Figure 8. WLF fitting parameters C; and o(Tg) vs. temperature for 100°C
intervals of electrical conductivity data. The temperature is the temperature at the

middle of the interval.

Figure 9. WLF fitting parameters Cq vs. temperature for 100°C intervals of
electrical conductivity data. The temperature is the temperature at the middle of

the interval.

Figure 10. Apparent activation volume vs. reduced temperature (T-Ty) for various
PPG-based materials. (a) Value from Ref. 24 for the relaxation time of the «
relaxation in high molecular weight PARELTM elastomer containing no salt. The
following results are from Ref. 24 for high molecular weight PARELTM elastomer
containing the following salts in an 8:1 repeat unit to lifhium ion ratio: (b)
LiCF3S03; (¢) LiClOy4; (d) Lil; (e) LiSCN. The results represented by (f) are
from Ref. 25 for high molecular weight PARELTM elastomer containing NaClOy in
an 8:1 repeat unit to sodium ion ratio. (f) Value from Ref. 58 for the relaxation time
of the a relaxation in PPG-4000. (g) Values from Refs. 59 and 60 for the relaxation

time of the o relaxation in PPG-4000.

Figure 11. Apparent activation volume vs. electrical conductivity for PPG-

1025:LiCF3S0s3.
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